Precursors to B-cell lines with immunoglobulin genes in the germ-line context have been shown to be capable of generating mature B cells in vivo. We report here that an interleukin 3-dependent precursor B-cell line, LyD9, differentiated in vitro into mature B cells, producing IgM and IgG by coculture with bone marrow accessory (or stroma) cells or with dendritic cells and T cells. Up to 50% of IgM-positive cells, but no Thy-l-positive cells, appeared after the 7-to 10-day coculture. Induced LyD9 cells underwent heterogenous immunoglobulin gene rearrangement and synthesized mRNAs encoding immunoglobulin jA, y, and K chains. However, these cells did not show any rearrangement of genes encoding the a and (3 chains of the T-cell receptor. The induction of differentiation by coculture with bone marrow stroma cells was blocked by anti-lymphocyte function-associated antigen 1 or anti-interleukin 4 antibody. These systems are useful for molecular biological studies on regulation of differentiation of bone marrow-derived cells into the B-cell lineage.
plished a successful VH-D-JH recombination, produces the ,u heavy (H) chain in the cytoplasm. Subsequent rearrangement in the light chain locus (K or A) is required for pre-B-cells to become mature B cells expressing IgM on the surface.
To investigate regulation of the decisive step of B-cell differentiation, it is important to establish an in vitro system that allows induction of the V-D-J and V-J recombination in a cell line containing the germ-line context of the immunoglobulin gene.
Palacios and Steinmetz (3) recently showed that precursors to B-cell lines (pro-B-cell lines) with immunoglobulin genes in the germ-line context were capable of generating mature B cells in vivo. We report here that a pro-B-cell clone differentiated in vitro with high frequency (up to 50%) into B cells that produce IgM and IgG by coculture either with bone marrow accessory (or stroma) cells or with a mixture of dendritic cells (DC) and T cells. These systems provide a useful experimental model for studying molecular events required for and induced by B-cell differentiation, which include interaction with various cell types.
MATERIALS AND METHODS
Materials. Long-term cultured lines of pro-B-cells were established from bone marrow cells (3) . These cells grow in the presence of interleukin 3 (IL-3), and detailed characterization of the Ly cell line obtained from BALB/c mice and clones derived from it have been described (4) . The Ly clones, including the LyD9 clone that was used in the present study, can differentiate into mature B cells and contain the immunoglobulin genes in the germ-line configuration. The phenotype of the LyD9 cells is: B-220+, Lyb-8+, BP-1+, Ly-1+, IgM-, Thy-1-, Lyt-2-, L3T4-, Ia-, Pgp-1+, and LFA-1 + (LFA-1 is the lymphocyte function-associated antigen 1). LyD9 cells were cultured in RPMI 1640 medium containing 10%1o fetal calf serum and 5% WEHI-3B-conditioned medium that contained IL-3. Adult BALB/c or NZB mice were purchased from Shizuoka laboratory animal center.
Induction with Bone Marrow Accessory (or Stroma) Cells. Bone marrow accessory cells were prepared as described (5) . Briefly, bone marrow cells were isolated aseptically from adult NZB mice. Bone marrow accessory cells were prepared by the removal of B cells and their precursors by the panning method (6) with anti-immunoglobulin and anti-B220 antibodies. LyD9 cells (1 x 105) were mixed and cocultured with bone marrow accessory cells (5 x 105) in 1 ml of RPMI 1640 medium containing 10% (vol/vol) fetal calf serum, 50 ,uM 2-mercaptoethanol, 1 mM sodium pyruvate, 2 mM glutamine, nonessential amino acids (GIBCO), 50 ,g of lipopolysaccharide [Escherichia coli 011l:B4 (Westphal); Difco], and 50 ,ug of agar extract mitogen (7). After 10 days of culture, cells were harvested for immunofluorescence staining with polyclonal rabbit anti-murine IgM or IgG antibody or with MB86 monoclonal anti-, chain antibody (8) . All antibodies were labeled with fluorescein isothiocyanate.
Alternatively, for a large-scale culture, bone marrow stroma cells (1 x 106) isolated from adult BALB/c mice were incubated in the 1-ml coculture medium described above. After 5 days, nonadherent cells were removed by washing three times with modified Eagle's medium containing 5% fetal calf serum and once with the coculture medium. LyD9 cells (1 x 10) in 1 ml coculture medium containing 50 jig of lipopolysaccharide and 50 ,ug of agar extract mitogen were layered on the adherent stroma cells. After 10 days of coculture, nonadherent cells were harvested for staining with fluorescein isothiocyanate-labeled anti-IL chain antibody.
Induction with DC and T Cells. DC were prepared from spleens of DBA/2 mice as described (9) . T cells were prepared from spleens of DBA/2 mice by passage of spleno-Proc. Natl. Acad. Sci. USA 85 (1988) cytes through a nylon wool column, followed by treatment with anti-Ia and anti-Lyt-2. (11) . Preparation of the C,1 and CK probes was as described (12) . The 'y chain subclass-specific probes are fragments encoding the CH3 domain, which is the least homologous region among the y subclasses. The C,3 probe is the Pst I-Ava I fragment from CH-M-Igy3-30 (13) . The Cj,1 probe is the Rsa I-Ava II fragment from Ch30-M-Ig y1-6 (14) . The Cy2b and Cy2a probes are Sac I fragments from pIgH22 and Ch4AIg-M'y2a-9, respectively (15, 16) . DNA Isolation and Southern Hybridization. Preparation of high molecular weight DNA and the Southern blot procedure have been described (17, 18) . The JH probe was the EcoRIHindIII fragment encoding JH4 and prepared from Ch M Ig,u-18 (19) . The JK probe was the BamHI-Bgl II fragment encoding all JK segments (20) . The Ja probe is a 3.5-kilobase (kb) EcoRI-HindIII fragment of TA28.1 (21) and contains the Jh1 segment, which is supposed to be located in the most 5' region of theJa gene cluster (21) . The J1 probe is a 2.5-kb Xba I-Sac I fragment containing J,31 segments (22 (9) . DC were mixed and incubated with T cells to make DC-T clusters. LyD9 cells were cocultured with DC-T clusters, and portions of the cells were collected over a period of 7 days for assays A B of the presence of IgM-bearing cells by surface staining. Samples collected on days 5 and 6 were subjected to flow cytometry analysis. As a negative control, DC-T clusters were incubated without LyD9 cells and harvested on day 6 for immunofluorescence staining. Our preparation of DC and T cells was contaminated by few, ifany, B cells (Fig. 3A) . The cocultured LyD9 cells were 13% and 24% IgM-bearing cells after 5 and 6 days, respectively ( Fig. 3 B and C) . These results indicate that DC-T clusters could induce LyD9 cells to differentiate with high frequency into IgM-bearing cells.
mRNA of Immunoglobulin Genes. To confirm the expression of immunoglobublin by induced LyD9 cells, we measured immunoglobulin mRNA in LyD9 cells cocultured with either DC-T clusters or bone marrow stroma cells. RNase mapping showed that C,, transcripts first appeared on day 5 in LyD9 cells cocultured with DC-T clusters (Fig. 4A) ; no C,] transcripts were detected in DC-T clusters per se. The use of T cells from mesenteric lymph nodes gave identical results (data not shown). LyD9 cells induced by bone marrow stroma cells also contained C A transcripts (Fig. 4B) .
RNA blot hybridization showed that the C, and CK transcripts in differentiated LyD9 were full-length mRNAs and not sterile transcripts of the immunoglobulin C genes (Fig. 4C, lanes 1-4) . The subclass of IgG produced by LyD9 cells cocultured with bone marrow stroma cells was determined by using C, subclass-specific probes. The most abundant subclass was Cy2b, and lesser amounts of the Cy2a and C.,1 mRNA were expressed in this order (Fig. 4C, lanes 5-8) .
Cy3 mRNA was not detectable. The secreted forms (1.7 kb) of the CY mRNA exceeded the membrane forms (3.5 kb), which can detected only after a longer exposure.
Random V-D-J Recombination. Finally, we tested whether these IgM-bearing cells had rearranged selected VH and VK segments ofthe immunoglobulin gene. Southern blot filters of digested DNA from induced LyD9 cells that were 15% IgM positive were hybridized with the JH or JK probe together with the CK probe as an internal reference (Fig. 5A, lanes 4). We did not find any discrete rearranged bands hybridized with either the JH OrJK probe. After longer exposure (Fig. 5B,  lanes 1-4) smears of both larger and smaller sizes appeared, and the germ-line JH or J., band had reduced intensities. The intensity of the germ-line JH and J,. bands relative to that of the CK band decreased to 61% and 65%, respectively, at day 9 of coculture as compared with that in uninduced LyD9 cells.
We also have studied expression of various VH families by RNA blot-hybridization analyses (data not shown). Two VH family probes-VJ558, which has 60 or more members, and V7183, which has 12 members-hybridized to 2.5-kb ,u chain and 1.7-kb y chain mRNA with intensities roughly proportional to family members. The VT15 probe detected only very faint bands, again in agreement with its small family size.
These results indicate that the JH and J. (Fig. 5A, lanes 5-8) , and no significant smears appeared even after a long exposure (Fig. SB, lanes 5-8) (30, 31) . Since V-D-J recombinase seems to be common for rearrangments of immunoglobulin and T-cell receptor genes (32) (33) . IL-3-dependent pro-B-cell lines derived from murine fetal liver differentiate into IgMproducing cells when cocultured with bone marrow stroma cells (5) . Unfortunately, molecular characterization of the differentiated cells was not provided in the report (5) , and the efficiency of differentiation appeared low. The systems that we describe here have several advantages over the above systems since the LyD9 cell is a continuously proliferating nontransformed cell clone and rearranges both the JH and JK segments with high frequency only when induced.
